Grape-seed proanthocyanidins' role as stimulators of active GLP-1 in rats suggests that they could be effective as satiating agents. Wistar rats were used to study the effects of proanthocyanidins on food intake with different doses, administration times and proanthocyanidin extract compositions. A dose of 423 mg of phenolics per kg body weight (BW) of grape-seed proanthocyanidin extract (GSPE) was necessary to decrease the 12-hour cumulative food intake by 18.7 ± 3.4%. Proanthocyanidins were effective when delivered directly into the gastrointestinal tract one hour before, or simultaneously at the start of the feeding period. Proanthocyanidins without galloyl forms, such as those from cocoa extract, were not as effective as grape-seed derived forms. GSPE increased the portal levels of active GLP-1 and total ghrelin and decreased the CCK levels, simultaneously with a decrease in gastric emptying. In conclusion, grape-seed proanthocyanidins could be useful as a satiating agent under the conditions defined in this study.
Introduction
As a result of increased food consumption, decreased physical activity and changes in the nutritional value of foods, overweight and obesity are today major problems in developed societies. 1 The relationship between overweight and various related diseases, such as high blood pressure, coronary artery disease, stroke, type 2 diabetes mellitus, hyperlipidemia, arthritis/degenerative joint disease, obstructive sleep apnea, infertility, gallstones and depression, among others, is well known. Many strategies have been proposed to solve these problems, and one of these is the administration of functional ingredients. 2, 3 Functional ingredients could act against excessive body weight gain, by means of several mechanisms, such as modifying the activity of the digestive enzymes, 4 hampering nutrient absorption and/or inducing thermogenic effects. 3, 5 Another strategy for functional ingredients is to reduce food intake by several mechanisms, such as reducing the desire for food, decreasing the feeling of hunger, inducing fullness and early meal termination and maintaining the sensation of fullness between meals. 6 Proanthocyanidins are a group of polyphenols widely distributed in nature (in fruits, vegetables and their beverage products such as red wine and tea). They have been shown to have protective effects against several diseases [7] [8] [9] [10] but their effects on food intake have been scarcely studied. 11 Most studies on proanthocyanidins have focused on their effects on body weight, but not specifically on food intake control. Some animal studies mention a role of grape flavanols in impairing weight gain, 12, [13] [14] [15] [16] although food intake was neither measured nor modified in many of them. A short-term study of healthy humans consuming grape-seed proanthocyanidin extract (GSPE) showed a reduced 24-hour energy intake in subjects with an energy requirement ≥ the median of 7.5 MJ per day. 17 As regards the mechanisms that may be involved in this reduction of food intake, a recent review shows that some polyphenols appear to have the potential to modulate food intake due to their action on the neuropeptides involved in food intake and satiety, such as NPY, AgRP, POMC and CART, although how the polyphenols affect the function of these peptides in the brain is not fully understood. 18 A direct site of action of proanthocyanidins could be the enteroendocrine system, where enteroendocrine cells secrete peptidic hormones that control digestive processes and food intake, such as the orexigenic hormone ghrelin and the anorexigenic hormones cholecystokinin (CCK), glucagon-like-peptide-1 (GLP-1) and peptide YY (PYY) 19 that could, in turn, affect the neuropeptide system. Proanthocyanidins were recently shown to modulate GLP-1 levels through their capacity to inhibit the GLP-1-degrading protease dipeptidyl-peptidase 4 (DPP4). 20 Proanthocyanidins also increase GLP-1 plasma levels in rats after an oral glucose load, 21 although direct GLP-1 stimulatory effects were not found in the STC-1 cell line. 22 Finally proanthocyanidins might also act through alteration of the number of enteroendocrine cells in the intestine. 23 Similarly, a single administration of berry purée (800 mg polyphenols including proanthocyanidins and other flavonoids) together with sucrose in healthy humans tended to increase GLP-1, 24 and the proanthocyanidin cinnamtannin A2 increases GLP-1 in mice. 25 Ghrelin, which is produced mainly in the stomach and which has a main role in the regulation of food intake, is modulated by isoflavones, but there is less information regarding other types of flavonoids. There is even less information on the effects of flavonoids on other enterohormones such as PYY or CCK and, indeed, none at all about proanthocyanidins.
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The aim of this study is to analyze whether proanthocyanidins modify food intake and the food intake-controlling enterohormones. Two proanthocyanidin extracts with different compositions from cocoa and grape seeds were compared under standard feeding conditions to test their effects on food intake. GSPE was also tested in two different models of disrupted metabolism very common in human societies under overfeeding situations: a hyperphagic model caused by a tasty diet and an impaired glucose tolerant aged rat model.
Results

Grape-seed proanthocyanidins limit food intake
We hypothesized that the interaction of proanthocyanidins with the enteroendocrine system, previously shown to raise GLP-1 levels, 21 could lead to a reduction in food intake. We thus first tested GSPE, at a dose that had previously been shown to be effective at increasing GLP-1 levels, of 846 mg phenolics per kg BW. The GSPE significantly reduced periodic and cumulative food intake 12 hours (h) after feeding initiation in healthy rats ( Fig. 1A and B) and in a glucose-resistant model ( Fig. 1C and D) . A conditional taste aversion (CTA) test and a pica behavior test were performed and no signs of gastrointestinal malaise were found. In the CTA test, the rats developed aversion to a new vanilla flavor when it was paired with a treatment of the nausea-inducing agent LiCl, while the GSPE dose did not produce this effect ( Fig. 2A) . In the pica test, the rats reduced their daily cumulative intake of chow and increased their intake of non-nutritive kaolin pellets when treated with LiCl (Fig. 2B) . The GSPE treatment led to a similar reduction in food intake, but it was not accompanied by an increase in kaolin consumption (Fig. 2C ).
To disrupt food intake control, we stimulated the animals' energy consumption with a palatable food offer. As shown in Fig. 3A , increasing amounts of a palatable hypercaloric solution proportionally increased energy intake. Fig. 3B shows that under these conditions, food intake was significantly reduced since the beginning of the feeding period. Despite the significant effects on food intake appeared earlier in the hyperphagic model, the % inhibition in food intake in the normophagic model was constant from 1 hour to 20 h. A 2-way ANOVA of experiments with different degrees of hyperphagia discarded any effect of time in the reduction of food intake, but showed an enhancement in the GSPE action proportional to the degree of hyperphagia (Table S1 †).
Conditions required for a satiating effect of proanthocyanidins
To better define the satiating effects of the GSPE, we compared different dosages, administration times and animal models. The results are shown in Table 1 . In first place, we found that the effects of GSPE on food intake were not affected by gender or age, since a GSPE dose of 846 mg phenolics per kg BW produced similar satiating effects in female and aged male Wistar rats. Afterwards, the importance of the time of administration was studied. We found that the satiating effects of 846 mg phenolics per kg BW were similar when the extract is administered 1 h before food and when the extract is administered at the same time as food. Conversely, there was no effect when the GSPE was administered 1 h after the meal initiation.
Regarding the dosage, we found that 423 mg phenolics per kg BW significantly reduced food intake in a standard feeding Fig. 2 GSPE effects on the gastrointestinal comfort. Conditional taste aversion test (A) and pica behavior test (B, C) after an intragastric dose of GSPE (846 mg per kg BW). LiCl was used to induce gastrointestinal distress. The different letters represent significant differences between groups assessed by Bonferroni post-hoc tests after a significant oneway ANOVA ( p < 0.05).
Fig. 3 GSPE effects on food intake under hyperphagic conditions. (A)
Effects of the diet supplementation with a palatable hypercaloric solution (HS) on the daily energetic intake. Increased amounts of offered HS proportionally increased the daily energy intake. The different letters represent significant differences between groups assessed by Bonferroni post-hoc test after a significant one-way ANOVA ( p < 0.05). (B) GSPE effects on the cumulative food intake in a hyperphagic paradigm. An intragastric dose of GSPE (846 mg per kg BW) was gavaged and food intake was measured at each time point after a diet supplementation with 16 ml HS. Asterisks represents significant differences in food intake of treated (dark bars) vs. control group (light bars) at each time point, assessed by Bonferroni post-hoc tests ( p < 0.01) after significant time, treatment and interaction terms in a two-way ANOVA ( p < 0.05).
model and a hyperphagic model. A lower dose of 84.6 mg phenolics per kg BW presented no effect in food intake.
Finally, the importance of the extract composition was studied by treating the rats with a different proanthocyanidin-rich extract, derived from cocoa (CCX), at doses with a total phenolic content and antioxidant capacity equivalent to the assayed GSPE doses (423 or 846 mg phenolics per kg BW). The treatment with CCX did not inhibit food intake.
GSPE causes changes in portal enterohormones and delays gastric emptying
Our next goal was to analyze the hormonal changes induced by 846 mg phenolics per kg BW of GSPE. Twenty minutes (min) after GSPE gavaging, there were no changes in active GLP-1 (3.22 ± 0.37 vs. 4.01 ± 0.36 pmol L −1 ) or in insulin (2.68 ± 0.53 vs. 2.57 ± 0.3 μg L −1 ). Table 2 shows the lack of changes in insulin, CCK or total ghrelin levels sixty min after the GSPE administration. At this point (t = 60 min), we mimicked food intake by an intragastric meal. Twenty min after the intragastric meal (t = 80 min), the GSPE group showed increased active GLP-1 levels (3.84 ± 0.35 vs. 8.64 ± 1.00 pmol L −1
, p < 0.05), which led to an increase in insulinemia observed at the same time point (1.76 ± 0.31 vs. 3.29 ± 0.72 μg L −1 , p < 0.05). Sixty min after the intragastric meal (t = 120 min), the treatment also increased total ghrelin (4.78 ± 0.46 vs. 6.63 ± 0.77 μg L −1 , p < 0.05) and prevented the postprandial rise in CCK observed in the control group (2.00 ± 0.45 vs. 0.76 ± 0.05 μg L −1 , p < 0.05). All these changes were not due to the modulation of mRNA expression (Table 3) . Concomitantly, we found that 1 h after the intragastric meal, the GSPE group retained a larger amount of food in the stomach than the control group (Fig. 4) .
Discussion
As recently reviewed, 11 few studies have evaluated the effect of flavonoids on food intake, and most of them evaluated it as a secondary issue in studies designed to analyze the effects on body weight and energy balance. In the present study we describe the clear effects of a grape-seed extract on inhibiting food intake, and we also define the effective dose and administration mode.
Our results show that GSPE is effective at reducing food intake when administered under specific conditions that we Food intake data are expressed as 12 h cumulative food intake inhibition (%) of treated vs. control group. Asterisks represent significant differences assessed by an unpaired t-test (* p < 0.05; ** p < 0.01; *** p < 0.001). will define. We found that the minimum amount of proanthocyanidins to be effective is higher than 86.2 mg phenolics per kg BW. From the doses that we tested, the minimal effective dose was 423 mg phenolics per kg BW. Other studies, focusing mainly on the effects on body weight, report no effects of grape-seed extracts on food intake. This discrepancy might be due to the fact that most of these studies used lower doses. 26, 27 Another reason could be the different methods of administration ( proanthocyanidins alone or with other food).
In most of the studies where no effect on food intake was observed, the extract had been administered with different vehicles, many of which included other nutrients such as standard chow, 16, 28 high-fat chow and condensed milk. 15 Our data demonstrate that the satiating effect of proanthocyanidin extract was found when it was administered one h before or just before the beginning of the feeding period, while there was no effect on food intake if the extract was administered 1 h after food initiation. This highlights the need for an almost empty gastrointestinal tract when the GSPE is administered for it to be effective. Some authors have proved that the phenolic compounds interact with food components, i.e. proteins. 29 Furthermore, some studies showing an inhibitory effect on food intake attribute it to the discomfort caused in the oral cavity because of its tannic effect (astringency). 30 Proanthocyanidins were mixed with drinking water or food in these studies. 27 In this paper, we avoided this problem by administering the extract intragastrically. The proanthocyanidins thereby reach the stomach and duodenal mucosa directly. We also discarded any alteration in both tissues using histological analysis (results not shown), as well as we made sure that the treatment does not cause gastrointestinal malaise by pica and conditional taste aversion tests. Another important point is related to the quality of food intake measurements. Measures taken using inadequate methodology could produce controversial results, which create doubts regarding the effectiveness of food intake treatments. 31 This could also bias the food intake results obtained in the previous studies focused on the effects of proanthocyanidins on body weight and metabolic parameters. For this reason, in this study animals and people were specifically trained in order to obtain reliable data, as explained in the Experimental section.
The composition of the extract must also be considered. Our results support the theory that the effectiveness of a grape-seed derived extract is higher than a cocoa derived extract. The GSPE extract used here contains monomeric (epi)-catechins, their gallate forms, dimers and trimers of all these monomeric forms 32 and some higher structures. 33 We do not rule out the presence of some prodelphinidins, as defined by Gu et al. 34 We have confirmed that some concordant grapeseed proanthocyanidin extracts also produce an inhibition of food intake (results not shown). Conversely, cocoa extract, which contains proanthocyanidins without galloyl forms, 35 did not cause a clear satiating effect. This suggests that the bioactivity of GSPE in inhibiting food intake might be attributed to the galloyl forms of proanthocyanidins. In this regard, different flavonol structures have different abilities to stimulate the taste receptors located at the enteroendocrine cells, with their galloyl forms being most effective at binding to these taste receptors. 36 The precise link between the differential stimulation of taste receptors by different flavonoid structures and the enteroendocrine signals generated from the gastrointestinal tract in response has not yet been determined. We have previously proved that GLP-1 levels increase after the administration of GSPE at the same doses as those used in this study. 21 Moreover, a revision of this topic 11 shows that flavonoids modulate GLP-1 levels and ghrelin, but there is very little information on their effects on other enterohormones. Importantly, whether such modulation involves effects on food intake was not assessed in any of these studies. A common mechanism of the anorexigenic action of GLP-1 and CCK consists of the reduction of the gastrointestinal transit, contributing to both meal termination and feeling of fullness. 37 Our results show that GSPE leads to a reduction in gastric emptying in unconscious rats, concomitantly to an increase in active GLP-1. This inhibition of gastric emptying could help explain the inhibition of food intake. A different effect is found for CCK, which only increased after the meal in the control group. Although we are unable to formally rule out an inhibition of CCK release, baseline CCK levels are maintained in the GSPE group, suggesting that CCK levels may not rise in the treated group due to the slower gastric emptying to the duodenum. Meanwhile, ghrelin, in its acylated form, is the only enterohormone with orexigenic properties. 38 Unexpectedly, we found an increase in total ghrelin after the GSPE treatment. Despite this increase, the food intake data clearly show that the reduction in food intake is sustained over time after the treatment. A possible explanation could be related to the results of Toshinai et al. which show that the orexigenic action of ghrelin is abolished with a prior rise of GLP-1 acting on vagal afferents. 39 Our data suggest that this ghrelin desensitization could also occur in the group treated with GSPE, since the stimulation of the GLP-1 release occurred prior to the increase in total ghrelin. Both effects on portal enterohormone levels occur after the intragastric meal. Although our study was not designed to evaluate the effects of nutrients on the GSPE action, this result suggests that other molecules must be present in the gastrointestinal tract, after GSPE administration, to produce changes in the release of enterohormones. We have confirmed earlier findings that GSPE influences the secretion of active GLP-1 after a nutrient load 21 and extended them to changes in the secretion of CCK and ghrelin. Finally, we have proved the effectiveness of GSPE administration in healthy animals with an adjusted food intake control, and an even greater effectiveness with a disrupted food intake control, as occurs with a highly palatable diet. 40 This greater effectiveness with the high-sucrose palatable diet could point to a role of GLP-1 through an increased glucosestimulated GLP-1 release. We have also proved the extract's bioactivity in a model of impaired glucose tolerance (aged rats), highlighting glucose-intolerant subjects as a potential target. Both results point to the utility of this treatment in individuals with difficulties controlling food intake who usually have concomitant defective glucose tolerance.
Experimental
Proanthocyanidin extracts
The grape-seed extract enriched in proanthocyanidins (GSPE) was obtained from Les Dérivés Résiniques et Terpéniques (Dax, France). According to the manufacturer, the extract contains monomeric (21.3%), dimeric (17.4%), trimeric (16.3%), tetrameric (13.3%) and oligomeric (5-13 units; 31.7%) proanthocyanidins. The small molecules (up to trimers) present in GSPE were characterized in more detail by reversephase chromatographic analyses by our research group. 32 Cocoa derived extract (CCX) was kindly provided by Dr Julian Castillo of Nutrafur, S.A. (Murcia, Spain). According to the manufacturers, the extract contains epicatechin (6.84%), catechin (0.86%), B2 (4.15%) and B1 (0.73%). It was possible to obtain a complementary quantification from Quinones et al.
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The phenolic content of both extracts was quantified with the Folin method 41 as 845.5 ± 10.5 mg g −1 GSPE and 452 ± 9.94 mg g −1 CCE.
Animals
Two sets of female Wistar rats (Harlan, Barcelona, Spain), weighing 180-200 g upon arrival, were used for the conditional taste aversion test (n = 21) and for the food intake studies and blood sampling (n = 21). Two sets of adult male Wistar rats (Harlan, Barcelona), weighing 450-500 g, were used for the pica test (n = 18) and the food intake studies (n = 15), as a model for glucose-impaired tolerance. 42 The studies in male groups took place at the facilities of the Technological Center of Nutrition and Health (http://www.ctns.cat). All of the procedures were approved by the Experimental Animal Ethics Committee of the Universitat Rovira i Virgili. On arrival, the subjects were single housed at 22°C under a 12 h light/dark cycle (lights on at 8 am) with access to standard chow pellets (Teklad Global Diets #2014, Harlan, Barcelona) and tap water ad libitum during a 1 week adaptation period. Following this adaptation period, the animal sets for the food intake studies were introduced to a daily 4 h food deprivation before the light offset (from 16:00 h until 20:00 h), and blank chow intake measurements were taken on 4 days prior to each experiment, to habituate the subjects to the experimental schedule. One experiment per week was performed in a cross-over design for all the food intake studies. The animal sets for the gastrointestinal malaise tests underwent special adaptation conditions, as described below.
Food intake experiments
Standard diet. To assess the effects of an acute dose of proanthocyanidins on food intake, trained animals were treated with GSPE or CCX doses from 423 to 846 mg phenolics per kg of BW intragastrically (i.g.) 1 h before the dark onset (unless otherwise stated), using tap water as a vehicle, and the chow intake was measured 1, 3, 12 and 20 h after the chow replacement with an accuracy of 0.01 g. Parallel controls were performed by administering the vehicle intragastrically.
Palatable hypercaloric meal. The effect of proanthocyanidins under a hypercaloric meal was tested only in female rats, due to their sensitivity to diet challenges 43 
Gastrointestinal malaise tests
Conditional taste aversion (CTA). Seven days prior to the conditioning day, animals were introduced to a water-restriction schedule, so they were accustomed to drinking the whole daily fluid intake in single 30 min sessions (starting at 12:00). 45 In order to habituate rats to a 2-bottle choice, water was presented in two sipper bottles simultaneously. On the conditioning day, the rats were given access to two bottles of 0.5% vanilla flavored solution (Dr Oetker, Barcelona) and after the 30 min drinking period, the bottles were removed and the subjects were administered i.g. water, i.g. GSPE (846 mg phenolics per kg of BW) or intraperitoneally (i.p.) with the gastrointestinal distress-inducing agent LiCl (0.15 M, 2% body weight). On the first day after conditioning, the rats had 30 min access to water, and on the subsequent day, a two bottle preference test between water and 0.5% vanilla was conducted. The position of the two bottles was counter-balanced between the subjects and fluid consumption was measured with an accuracy of 0.01 g after the 30 min session. The results were expressed as a preference ratio of the drug-paired flavor by dividing the intake of flavored solution to total fluid intake. Pica behavior test. Human grade kaolin powder (A. Vogel, Barcelona) was mixed with 1% arabic gum (Sigma-Aldrich, St Louis) and tap water, squeezed through a pastry decorator and allowed to dry at 35°C. 46 The resulting kaolin pellets, similar in shape and size to chow pellets, were introduced to subjects seven days prior to the pica test, placed with chow in the food hoppers. On the test day, the animals were administered i.g. water, i.g. GSPE (846 mg phenolics per kg of BW) or i.p. the gastrointestinal distress-inducing agent LiCl (0.15 M, 2% body weight) just before the dark onset, and the chow and kaolin intake were measured 20 h later.
Portal vein catheterization and intragastric feeding
The female rats from the food intake set were randomly divided into two groups: a control group (n = 10) treated with tap water, and a proanthocyanidin treated group (n = 11) gavaged with GSPE at 846 mg phenolics per kg BW. The rats were fasted from 15.00 h until 18.00 h before the treatment, and were anesthetized 5 min later with 70 mg per kg BW i.p. of sodium pentobarbital. The abdominal cavity was incised through the midline, and the portal vein was catheterized with a PE tube (I.D. 0.58 mm, O.D. 0.965 mm; Becton Dickinson, Sparks, MD, USA) using a standard procedure. The catheter was fixed with methacrylate and the abdominal cavity was closed with surgical clamps. The body temperature was monitored by an abdominal probe and kept constant at 37.5 ± 0.5°C by a heated surgical table and overhead lamps. At 60 min after the treatment, 5 ml of mash, containing 1.5 g of standard chow and 25 mg of xanthan gum as a stabilizer, was punctured in the forestomach with an Abbocath-T 18G catheter (Hospira Inc., IL, USA) at a constant rate of 1 ml min −1 .
Tissue sampling
Portal blood samples (400 μl) were taken 20, 40, 60, 80 and 120 min after the treatment, and the catheter was refilled with heparinized 0.9% NaCl (600 IU ml −1 ). The blood was transferred to heparinized tubes and a 1 : 100 volume of a 1 : 1 mix of protease inhibitors was spiked immediately (Pefabloc, Sigma-Aldrich, MO; DPP-IV inhibitor, Millipore, MI). Plasma was collected by centrifugation at 1500g over 15 min at 4°C and frozen immediately at −80°C. After the 120 min procedure, the rats were sacrificed by exsanguination of the aortal vein; tissue samples were immediately frozen in liquid nitrogen, and then stored at −80°C. The stomachs were excised and the stomach content of each individual was collected and dried overnight at 50°C.
Plasma and tissue quantification
The enterohormones were assayed in duplicate using commercial ELISA kits for insulin (Mercodia, Uppsala, Sweden), GLP-1 3-37 amide (Millipore, Billerica, MA, USA), total CCK (Peninsula Laboratories, San Carlos, CA, USA) and total ghrelin (Phoenix Pharmaceuticals, Burlingame, CA, USA). Total RNA was extracted using Trizol (Ambion, USA) and trichloromethane-ethanol (Panreac, Barcelona, Spain), and purified using a RNA extraction kit (Qiagen, Hilden, Germany). Complementary DNA was obtained using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Madrid, Spain) and the quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) amplification was performed using TaqMan Universal PCR Master Mix and the respective specific TaqMan probes (Applied Biosystems, Madrid, Spain). The relative expression of each mRNA was calculated against the control group using the 2 −ΔΔCt method, with cyclophilin as the reference gene.
Statistical analysis
The data are represented as mean ± SEM. Periodic and cumulative food intake was analyzed using a mixed-model two-way ANOVA, with time as a within factor and treatment as a between factor. The portal hormone concentrations were analyzed using a regular two-way ANOVA. Conditional taste aversion, pica behavior, 12-hour cumulative food intake inhibition, gastric emptying rate and gene expression results were analyzed using a one-way ANOVA or Student's t-test, as appropriate. Bonferroni post-hoc tests were performed to assess the differences between groups after significant ANOVA. The statistical analyses were performed with IBM SPSS Statistics 22. P-values < 0.05 were considered significant in all cases.
